Abstract. We present prospects for tests of different spin and parity hypotheses for a particle H of mass 125 GeV produced in association with a vector boson and decaying into a pair of b-quarks. We use the combined analysis of the WH → ℓνbb, ZH → ℓ + ℓ − bb, and ZH → ννbb channels based on the full Run II dataset collected at √ s = 1.96 TeV with the D0 detector at the Fermilab Tevatron collider.
Introduction
In the standard model (SM), the electroweak symmetry breaking mechanism results from the existence of a single elementary scalar field doublet that acquires a non-zero vacuum expectation value and manifests itself as a scalar particle, the Higgs boson, the mass of which is free parameter in the model.
Finding the Higgs boson has been one of the most topical goals of particle physicists in the last decades. In summer 2012, the CDF and D0 Collaborations reported excesses above background expectations in the H → bb search channels [1, 2] . Their combination yields an excess at the three s.d. level, consistent with the production of a Higgs boson of mass M H ≈ 125 GeV [3] . At the same time, the ATLAS and CMS Collaborations reported the discovery of a new particle at the five standard deviation (s.d.) level, consistent with the observation of a Higgs boson of M H ≈ 125 GeV in the H → ZZ and H → γγ channels [4, 5] .
After the discovery of this new particle, comes the time to establish its properties, such as mass, spin, parity, and couplings strengths, and check if it is the Higgs boson of the SM. Testing properties in the Tevatron VH → Vbb modes would provide a consistent complementary information relative to the numerous spin/parity analyses performed at the LHC in the H → γγ, H → ZZ, and H → W + W − modes. This proceedings discusses tests of spin/parity for the new particle of 125 GeV using the SM Higgs boson VH → Vbb search channels. The analysis is based on the full Run II dataset consisting of ∼ 10 fb 
Principles
In general spin/parity of a particle affects angular correlations of its decay products, but also excitation curve a. e-mail: tuchming@cea.fr behavior near production threshold. For example, the cross-section for the process e + e − → Z * → ZH at center-of-mass energy √ s exhibits a behavior varying like
as for the SM Higgs boson [6] . This is modified into σ ∼ β 3 (due to p-wave) if J P = 0 − . For particle with J P (H) = 2 + , many possibilities are allowed for the HZZ coupling, but certain models end up with the cross-section dominated by the d-wave terms, resulting in a σ ∼ β 5 dependence. At hadronic colliders, such as the Tevatron, the same effect is expected in the→ VH process. However, the effective center of mass energy √ŝ is not fixed and depends on both cross-section dynamics and the parton density functions. Thus, the spin/parity of the particle H affects the shape of the differential cross-section as a function of effective energy, √ŝ , of the process pp → VH → Vbb [7] .
This later property can be exploited in the VH → Vbb search modes by using discriminating variables related to the total energy: either the overall mass of reconstructed objects, or their transverse mass for final states with missing transverse energy (E / T ) due to neutrinos. The difference in shape for such observables is shown in Fig. 1 . In the following we use the J P = 0 + , J P = 0 − , and J P (H) = 2 + signal models as described in [7] for particles of mass 125 GeV. The signal Monte Carlo samples are generated by the Madgraph 5 version 1.4.8.4 generator [8] .
Data analysis
The data analysis follows closely the steps of the search for SM Higgs boson, in the WH → ℓνbb [9] , ZH → ℓ + ℓ − bb [10] , and ZH → ννbb [11] search channels, except that in the final step, we employ the overall mass or transverse mass of the selected events as final discriminant instead of a dedicated multivariate discriminant. These analyses rely on good b-tagging efficiency, good dijet mass resolution, high-p T lepton acceptance, good modeling of the E / T , and good modeling of the V+jet background. The tagging of b-jets is performed with a boosted decision tree (BDT) b-tagger.
The main feature of the selections are as follows:
• The WH → ℓνbb search channel relies on the selection of isolated high-p T electrons or muons, at least two jets, and large E / T . A BDT discriminant is used to discriminate against multijet background. The sample of selected events is divided into exclusive subchannels according to lepton flavors and b-tagger outputs: 1 tight tag, 2 loose tag, 2 medium tag, 2 tight tag. To discriminate signal events from background events, a BDT final discriminant is constructed for each lepton flavor, jet multiplicity, and b-tagging category. In addition to kinematic variables, the inputs to the final discriminants include the b-tagger output and the output from the multijet discriminant. The BDT is trained against the SM Higgs boson signal, but its discriminating power happens to be close to optimal for 0 − or 2 + signal, as can be seen in Fig. 2 (bottom) , where the BDT output (denoted MVA) distribution is shown for the 2-tight-tag sample.
• The ZH → ℓ + ℓ − bb analysis requires two isolated charged leptons of opposite charge and at least two jets. The lepton acceptance is increased thanks to secondary channels with loose lepton identification criteria: electrons in the D0 inter-cryostat region, and isolated tracks not reconstructed in the muon spectrometer. A kinematic fit corrects the measured jet energies to their best fit values according to the constraints that the dilepton invariant mass should be consistent with the Z boson mass M Z and the total transverse momentum of the leptons and jets should be consistent with zero. A first jet is demanded to pass tight b-tagging criteria. The events are then divided into double-tag and single-tag subchannels depending on whether a second jet passes a loose b-tagging requirement. Figure 2 (top) presents the distribution of the dijet invariant mass for selected events in the double-tag sample.
• The ZH → ννbb analysis selects events with large E / T and two jets. This search is also sensitive to the WH process when the charged lepton from W → ℓν decay is not identified. To reduce the multijet background a dedicated BDT discriminant is employed. Events are split in two b-tagging subchannels using the sum of the b-tagging discriminant outputs of the two jets. To enhance the signal over background ratio at the final selection stage, the selected samples are split into higher and lower-purity regions according to the dijet invariant mass for ZH → ℓ + ℓ − bb and ZH → ννbb, and the final BDT discriminant output for WH → ℓνbb. The WH → ℓνbb channel defines low-, medium-, and high-purity regions according to −1 < MVA ≤ 0, 0 < MVA ≤ 0.5, and 0.5 < MVA, respectively. In the ZH → ννbb channel, the low purity region is defined by M j j < 70 GeV or M j j > 150 GeV, and the high purity region by 70 ≤ M j j ≤ 150 GeV. In the ZH → ℓ + ℓ − bb channel, the low purity region is defined by M j j < 100 GeV or M j j > 160 GeV, and the high purity region by 100 ≤ M j j ≤ 160 GeV.
As discussed above, the main variables to discriminate the 2 + and 0 − signals against the background and the 0 + Higgs boson are the total dilepton+dijet mass in the ℓℓbb final states, and the total transverse mass for the ℓνbb and ννbb final states. Their distributions are shown in Fig .3 .
Expected results
The final step of the analysis consists in constructing a log-likelihood ratio test-
, based on the final discriminant distributions of candidate events, where L H 0 is the likelihood function for the SM-Higgs-boson-plus-background hypothesis (0 + -plusbackground), and L H 1 is either the likelihood function for the 0 − -plus-background hypothesis or the 2 + -plusbackground hypothesis. In this test we assume that crosssections times branching fractions are identical to the SM one. In the LLR calculation the signal and background rates are functions of the systematic uncertainties which are taken into account as nuisance parameters with Gaussian priors. Their degrading effect is reduced by fitting signal and background contributions to the data by maximizing the profile likelihood function for the H 0 and H 1 hypotheses separately, appropriately taking into account all correlations between the systematic uncertainties [12] . In the SM hypothesis, the expected 2 + confidence level, P(LLR ≥ LLR obs |H 1 = 2 + -plus-background) amounts to approximately 3.5%. Further separation is expected once the three channels will be combined.
Conclusion
The Tevatron VH → Vbb Higgs search channels can be used to probe the spin/parity properties of the newly discovered Higgs-like particle. The D0 Collaboration has started an analysis based on these search channels to test the J P = 0 − and J P = 2 + hypotheses. A good separation power between the J P = 2 + and the SM Higgs boson (J P = 0 + ) is demonstrated with the ZH → ννbb channel only. More separation is expected once all channels will be combined. The results of this analysis are expected to be released soon.
